This paper presents dynamic response and fatigue analyses of several bottom-mounted offshore wind turbine (OWT) models, simulated in the aero-hydro-servo-elastic simulation tool FAST. The distinction between the models is the foundations, which are modelled with different methods, concepts, and dimensions. The US National Renewable Energy Laboratory has developed a 5-MW reference turbine supported on a monopile, the NREL 5MW, which was used as a reference model in this paper. The paper presents the implementation and comparison of two different foundation modeling methods, referred to as the simplified apparent fixity method and the improved apparent fixity method. Furthermore, sensitivity analyses of different monopile dimensions were performed, followed by sensitivity analyses of suction caisson foundations of different dimensions. The final part of the paper presents fatigue analyses for the foundation models considered in this study subjected to 17 load cases. Fatigue damage, fatigue life, and damage equivalent loads were calculated, as well as the relative fatigue contribution from each load case.
FIGURE 1 OWT with a monopile foundation (left) and a caisson foundation (right)
The objectives of this paper are to assess the impact of (a) different foundation modelling methods, (b) foundation dimensions, and (c) different foundation concepts with respect to dynamic response and fatigue damage of a typical megawatt-size OWT structure.
OWT foundations
OWTs are slender structures that are exposed to large overturning moments at the base. Several foundations concepts exists for bottom-mounted
OWTs. This paper focuses on the monopile and the caisson foundation, shown in Figure 1 .
Monopiles are still the most commonly used foundation type due to their simplicity of installation and long and successful experience of their use in oil and gas platforms. 4 The suction caisson is considered a suitable foundation solution in OWT jackets in deeper water. It is installed by negative pressure when the water inside is pumped out. The main advantages of the suction caisson are the ease of installation and its relatively light weight. 5
Review of OWT foundation modelling
SSI has traditionally been handled using foundation impedances that give relationships between the loads (forces and moments) and the corresponding responses (displacements and rotations) at the foundation-structure interface. For linear elastic soil response, analytical solutions have been developed for a variety of foundations, such as piles and surface foundations, and for different soil types. Some of these solutions also provide the variation of the foundation impedances with frequency. See Kausel 6 for a review of these solutions. For structural loads leading to slight soil nonlinearities, these solutions have been used by using strain-compatible elastic moduli of the soil. For larger loads leading to non-negligible soil nonlinearity or even near-failure conditions, the classical solutions based on fully integrated soil-foundation-structures models in finite elements have been the preferred approach. 7 However, given the simplicity and computational-efficient character of the solutions based on foundation impedances, there has been a great interest in extending them to the nonlinear range. For such conditions, the terminology has changed to macro-elements. In simple terms, macro-elements represent the nonlinear load-response of the foundation, covering small to large load levels. Macro-elements have in particular been popular in shallow foundations such as caissons and bucket foundations that are becoming more common in OWTs. 8 While the impedance approach has long been used for piles in the elastic range (eg, Novak and Nogami, 9 Kaynia, 10 and Kaynia and Kausel 11 ), soil-pile interaction has for practical reasons been handled by the use of Winkler springs along the pile. 12 These springs were first used in design of piles for offshore platforms, using the terminology of p-y curves, 13 thanks to the data collected from field tests on piles. With the introduction of large monopiles in OWT design, new simplified methods have become more common. According to Passon and Kühn, 3 the most common models used for monopiles are (a) apparent fixity (AF) model in which the monopile is extended to a certain depth below the seabed and is rigidly fixed there, (b) single element model in which the tower model is assumed rigid and mounted on a set of springs and dampers at the pile head, and (c) distributed element model, where the soil is represented by a series of springs along the length of the pile as in the well-known p-y curves.
A large number of research has been carried out to investigate the interaction between the soil and monopiles in OWTs. Zaaijer 14 used simplified dynamic models for monopiles and compared the first and second bending modes of the pile. The reference model for the soil-monopile interaction was the Winkler distributed spring. 12 This model was compared with those based on the apparent fixity, stiffness matrix of the pile at the seabed level, and uncoupled pile-head springs. The author concluded that the stiffness-matrix approach outperforms the other two models.
Bush and Manuel 15 used similar models of monopile foundation in their investigation of the effect of extreme loading. They compared the fixed base model with the apparent fixity model and a distributed element model with linear elastic springs along the monopile. They concluded that the long-term extreme loads for the apparent fixity and the distributed element model are larger compared with the fixed base model. Zania 20 followed the approach of Novak and Nogami 9 by using the substructuring method 6 and computed the dynamic response of soil-pile interaction. She implemented an iterative two-step analytical method that allows consideration of the off-diagonal terms of the dynamic impedance matrix. The results highlighted the importance of using the frequency-dependent impedances and the off-diagonal impedance terms on the natural frequencies and the damping of the system. Ziegler et al 21 also developed a frequency-domain solution based on the Winkler approach in order to calculate wind-induced fatigue in OWTs on monopiles. Their sensitivity analyses showed that water depth and wave period have important influence on the fatigue loads. Most recently, Markou and Kaynia 22 developed a procedure for extending the non-linear static p-y springs to cyclic loading and implemented a procedure for limiting the damping generated by the hysteretic loops in the springs. To assess the importance of soil-pile modelling and damping, Aasen et al 23 carried out a parametric study in which they used four different models for the simulation of the monopile of an OWT. The first model, which is a common model used in the industry, comprised nonlinear elastic springs that do not dissipate energy; the second model was a linear elastic stiffness matrix at the pile head; the third model was similar to the second one with the addition of damping, and the last model consisted of uncoupled nonlinear horizontal and rotational springs at the pile head represented by a series of elasto-plastic springs as proposed by Iwan. 24 The authors concluded that the the first model is conservative for the estimation of the fatigue damage of the system while the last model, which is the most realistic of the models, reduces fatigue damage and could provide a more economical design.
Krathe and Kaynia 25 implemented a nonlinear macro-element foundation model in FAST v7. 26 The macro-element represents the nonlinear force-displacement (or moment-rotation) relationship at the pile head. The nonlinear response can then be captured by the combination of parallel elasto-plastic springs proposed by Iwan. 24 The authors highlighted the importance of nonlinear soil response and damping which is captured by this model. 27 performed an extensive finite element study on the dynamic response of an OWT monopile modelled with nonlinear foundation Winkler model. They concluded that the response of the overall system is affected by the interaction between the foundation and the superstructure, the soil nonlinearity, the rotor frequency, and the magnitude of wave load. Carswell et al 28 used FAST together with a specialized finite element code for the computation of foundation damping in order to investigate the effect of modelling on the first natural frequency of a monopile-supported OWT under extreme storm loading. The monopile foundation was simulated with a lumped-parameter model at the pile head. They concluded that foundation damping decreases the moment at the mudline level under extreme storm conditions and should be considered for more economical design.
Bisoi and Haldar
Bayat et al 29 studied the impact of drained and undrained soil behavior on the stiffness and damping of soil-pile interaction of OWT monopiles.
They use a simple Kelvin model in a two-dimensional finite element program to simulate a segment of a monopile at different depths subjected to small-magnitude cyclic loading. The authors used the results and presented effective stiffness and equivalent damping diagrams of the soil that can be applied to p-y-y' models of the Kelvin type.
Aasen 30 studied the influence of SSI on the fatigue damage of a monopile supported OWT. Three different foundation models where studied, and the fatigue analyses showed significant decreases in accumulated fatigue damage in the pile as soil damping where introduced. Damgaard 
Computational tool: FAST
The software used to model the OWT in this study is FAST. 26 It is an open-source aero-hydro-servo-elastic CAE (Computer Aided Engineering) tool for modelling horizontal axis wind turbines (HAWT), developed by the National Renewable Energy Laboratory (NREL) through the US Department of Energy (DOE). FAST v8 was used in this study. 39 The FAST modules used were SubDyn and ElastoDyn for the structural dynamics, ServoDyn for the power generation, and InflowWind, HydroDyn, and AeroDyn for external conditions and applied loads.
FAST employs a combined modal and multibody dynamics formulation. The multibody formulation applies to the support platform, nacelle, generator, gears, hub, and tail, while the modal formulation applies to the blades and the tower. FAST relies on an assumed modes approach, implying that the blade and tower mode shapes are required as input. The software used to compute the mode shapes is the finite element code
BModes, 40 which is not yet a part of the FAST modularization framework and needs to be run separately.
NREL 5MW baseline wind turbine
NREL has developed a reference turbine with detailed specifications representative of a typical utility-scale multi-megawatt turbine, known as the NREL 5-MW offshore baseline wind turbine. It is a three-bladed upwind HAWT with a monopile support structure, developed for researches to have a common reference model for studies of OWTs. It has been used in several international research projects and is also used in this study.
The specifications of the turbine are listed in Table 1 41 for completeness.
The substructure has a fixed boundary at the base, which means that neither lateral nor rotational movements are allowed there. This model will subsequently be referred to as the fixed base model.
FOUNDATION MODELS
The following sections present the standard approach for foundation modelling of OWTs in FAST, known as the Apparent Fixity method, and a proposed improvement for more accurate foundation representation.
Apparent fixity method
Impedances of all types of foundations that are computed by rigorous analytical or advanced numerical models can be expressed in the horizontal vibration mode as 2 x 2 coupled matrices (ie, with nonzero off-diagonal terms). Methods for modelling the foundation with either coupled matrices, uncoupled springs, or distributed springs are not available in FAST v8 and thus require modification of the source code. Therefore, the method used in this paper to model flexibility of the soil-foundation system is based on an extension of the apparent fixity (AF) method available in FAST. In the AF method, the foundation flexibility is represented by inclusion of a beam with fixed base below the mudline.
In this section, the principle of the AF method is described briefly as background to an extension introduced in the next section. The principle behind the AF method is shown schematically in Figure 2 . The length, L AF , and bending rigidity, EI AF , of the fictive AF beam are calculated such that the stiffness matrix of the AF beam is identical to the 2 x 2 impedance matrix of the soil-foundation system as given in Equation (1):
where k uu is the horizontal stiffness, k is the rotational stiffness, and k u = k u are the coupled stiffness terms.
To compute the stiffness terms in Equation (1) and the parameters of the AF beam, the properties of the real monopile and the soil surrounding it are needed. The monopile penetration depth of the NREL 5MW was set to 36 m, 42 and the soil profile is the one described by Passon, 43 shown in Figure 3 .
Passon 43 and Bush et al 44 present studies of foundation models for the NREL 5MW using the soil profile in Figure 3 . Both these studies used a nonlinear soil-pile lateral analysis programme to calculate deflection u and rotation at the mudline for specified levels of shear force F and moment M. An interesting observation 44 was that L AF and EI AF were only slightly affected by different load cases. This suggests that the soil behavior is almost linear for the pile and soil properties studied here for the range of simulated environmental loads. Hence, it was chosen in the present study to use the linear soil-pile analysis software PILES 45 to calculate the stiffness of the soil-pile system in Figure 3 . The inputs required by PILES are the soil moduli and Poisson's ratios of the soil layers, which are indicated in Figure 3 , and the pile's elastic parameters. The elastic moduli of the soil layers were estimated using the analytical formula derived by Vesic 46 expressing the coefficient of subgrade modulus, k, as a function of the pile diameter, the pile's bending rigidity and the elastic modulus and Poisson's ratio of the soil layer. For the subgrade modulus, k, indicated for each layer in Figure 3 , the associated elastic modulus was computed by Vesic's formula and is included in Figure 3 . The soil below the third layer (ie, below pile tip) was assumed a half space with properties similar to those of the third layer. PILES is an elasto-dynamic code which uses the Green's functions in layered half-space for capturing the soil response to the pile-soil tractions together with the analytical equations of the piles modelled as a beam. The output of PILES is a 6 x 6 stiffness matrix of the pile at the mudline, representing the stiffness terms of the soil-pile system in the two horizontal DOFs, the vertical DOF, two rotational DOFs, and one torsional DOF. Soil behavior is assumed to be isotropic, which implies that the stiffness matrix in the two horizontal directions, surge and sway, are identical. The 2 x 2 stiffness matrix in the two directions, which governs the lateral dynamic response of the OWT, is given in Equation (2):
2.84 × 10 9 −1.56 × 10 10 −1.56 × 10 10 1.93 × 10 11
]
.
(2)
The units of k uu , k u , k u , and k are N/m, N/rad, Nm/m, and Nm/rad, respectively.
The common practice in geotechnical research and engineering is to match only the diagonal stiffness terms (3) while neglecting the off-diagonal terms. Due to this simplification, the method described in this section is referred to as the simplified AF method.
After calculating L AF and EI AF from the stiffness terms, these were implemented in the SubDyn input file in FAST. The structural damping, given as a percentage of critical damping, was kept the same as in the rest of the structure, ie 1%, following the recommendations of DNV GL. 47 The material density was kept the same as the substructure above the mudline.
Improved apparent fixity method
In order to investigate whether the simplified AF method gives acceptable results for large piles like OWT monopiles, an improved model method was developed. The objective was to study the effect of the coupled stiffness terms on the dynamic response of the reference OWT.
One solution to accurately reproduce the whole stiffness matrix is by introducing a rigid link with a length equal to k u ∕k uu under the tower at the mudline and placing it on horizontal and rotational springs corresponding to the diagonal terms of the monopile stiffness. This method is described by Carswell et al 28 and is applicable to FAST v7. However, it is not possible to implement springs in FAST v8. Therefore, a second method was developed in this paper, which enables exact reproduction of the stiffness matrix of the monopile. This was done by replacing the single AF beam described in Section 2.1 with two beams, creating a system of three equations with three unknowns, including the off-diagonal stiffness terms in the equation system. This new method of including foundation flexibility in the OWT model, referred to as the improved apparent fixity method or simply the improved AF method, is explained below and was implemented in FAST.
Two beams are added below the mudline to correctly represent the stiffness matrix of the true soil-pile system. Beam 1 is rigidly connected to a certain point below the mudline and to beam 2, which is rigidly connected to the base of the substructure (Figure 4 ).
Considering that the lateral dynamic response of the tower is governed by bending of the structure, the vertical and torsional DOFs, as described in Section 2.1, can be ignored and the two-beam system is reduced to a two-dimensional system with two DOFs; deflection u and rotation at the mudline. There are several ways of solving this system. The chosen method here consists of obtaining a flexibility matrix [F] at the mudline and setting it equal to the flexibility matrix from PILES, [F] PILES , representing the true soil-pile system.
[F] PILES was found from the stiffness matrix presented in Section 2.1 through the following relation:
It can be shown that the flexibility matrix [F] of the two beam system in Figure 4 is given by Equations (4) to (7) . 48
where
There are different combinations of the parameters of the two beams that could give the desired flexibility terms. In the present work, the diameter and wall thickness of the two beams were kept the same as for the monopile at the mudline, ie, 6 and 0.06 m, respectively, which implies that the area moment of inertia is known, and I 1 = I 2 = I. Assigning a value to the length of the upper beam L 2 leaves the length of the lower beam, L 1 , and the Young's modulus of the two beams, E 1 and E 2 , as the three unknown parameters. Table 2 lists the parameters computed by this procedure.
The new system was implemented in SubDyn as two beam members below the mudline with the properties from Table 2 and the boundary conditions from Figure 4 . All the DOFs of the lower end of beam 1 were constrained to make it rigidly connected to a point at a distance L 1 + L 2 below the mudline.
FAST simulations
FAST simulations were run for the fixed-base model, the simplified AF model, and the improved AF model of the 5MW NREL turbine. A full-field turbulent wind field was generated by TurbSim, using the Kaimal spectral model 47 with a mean wind velocity U of 12 m/s and turbulence intensity TI = 14 %. The hydrodynamic loads were generated by HydroDyn, using an irregular JONSWAP wave spectrum, including consideration of second-order sum-frequency hydrodynamic effects. The significant wave height H s was set to 6 m and spectral wave period T p was set to 10 seconds. The runtime was 630 seconds. A time window of the mudline moment in the fore-aft direction for the three foundation models is shown in Figure 5 .
The figure illustrates how significant small adjustments in the implementation of the foundation model can be. Surprisingly, the off-diagonal terms of the soil-foundation stiffness matrix play an important role, and neglecting them results in a model that is too soft. It is clear from Figure 5 that the simplified AF method overpredicts the loads in the structure. It is shown by Løken 48 that these differences are significantly amplified when the wave periods are decreased towards the operational and structural natural frequencies of the OWT.
New simulations with only white noise load were run to obtain the power spectral densities (PSDs), which are plotted in Figure 6 . The PSDs illustrate that the natural frequencies of the improved AF model are between the values of the fixed base model and the simplified AF model.
SENSITIVITY ANALYSES WITH MONOPILE
It is believed in the OWT community that the monopile foundations in most of currently operating OWTs have conservative designs. Increased accuracy in foundation modelling in OWT analyses and simulation codes backed by observed full-scale measurements has lead to more reliable models supporting the reduction of foundation dimensions and hence remarkable cost reductions. In this section, limited sensitivity analyses of the NREL 5MW monopile foundation with different dimensions are presented. The monopile length and wall thickness were changed to assess their effects on the structural response. The new foundation properties were implemented in SubDyn using the improved AF method, and a 10-minute FAST simulation with U = 12m/s, TI = 14%, H s = 6 m and T p = 10s was run for each model. The regular monopile with pile wall thickness t w = 0.06 m and pile length L = 36 m modelled through the improved AF method will in the following be referred to as the regular monopile or just the monopile.
Effect of pile length
Two foundation models with reduced monopile lengths were simulated: one with a length of 26 m and one with a length of 16 m. The rest of the OWT model and the soil profile were kept the same. Implementing the new lengths in PILES shows that even this large reduction in pile length has only a minor effect on the stiffness. Consequently, the properties of the fictive AF beams below the mudline do not change significantly for the three models. Nevertheless, the AF properties were implemented in SubDyn, and FAST simulations of the three models were run. The mudline fore-aft bending moment is plotted in Figure 7 . 
Effect of pile wall thickness
Two new models of the monopile were simulated, in which the wall thickness was changed from t w = 0.06 m to t w = 0.05 m, and t w = 0.04 m.
Capacity and other design issues, as discussed in Section 3.1, are not considered in this sensitivity study, the focus is rather on the overall dynamic response. The new pile parameters were implemented in PILES, and the resulting stiffness coefficients for the three models are presented in Table 3 . The computed parameters of the improved AF model were implemented in the SubDyn input file, and FAST simulations were run. The time series from 30 to 90 seconds of mudline moment is plotted in Figure 8 .
Even though the moments are fairly close, there are large differences in bending stress due to the reduction of moment of inertia I. The maximum values for the tower top displacement and mudline bending moment from the simulations above are listed in Table 4 , along with the maximum bending stresses at the mudline. The percentage differences between the reduced thickness models compared with the regular monopile are also presented.
The reduced wall thickness has a large effect on the bending stress in the structure. This will clearly have a high impact on the fatigue damage of the structure, which is studied in Section 5.
CAISSON FOUNDATIONS
With the purpose of comparing the dynamic response and fatigue life of different foundation concepts, modelling of caisson foundations using the improved AF method is considered in this section.
As the turbine sizes and water depths increase, production and installation of large-diameter monopiles become more challenging, partly due to the need for heavy installation vessels and equipment. The suction caisson, also called suction bucket or monopod, originally developed for the foundation of offshore oil platforms, is an alternative to the monopile. It has the advantages of being easy to install and remove, is suitable for deeper water depths (up to 55 m), and requires less steel than a comparable monopile.
The suction caisson is a cylindrical skirted foundation, attached to the base of the substructure, and inserted into the seabed. It consists of a circular top plate whose strength and stiffness are enhanced by peripheral stiffeners over the top plate and embedded skirts which confine the internal soil ( Figure 9 ). The caisson is driven into the seabed by means of self-weight and by pumping out the water trapped inside it. The induced pressure difference creates suction, which pushes the skirts into the soil. 7 After installation, it behaves as a skirted foundation that utilizes the friction between the skirts and the soil and the pressure below the top plate.
In this section, simplified models of caisson foundations with different dimensions supporting the NREL 5MW are implemented in FAST. As discussed earlier, a reduction in foundation dimensions will be highly favorable in the offshore wind industry. Therefore, sensitivity analyses consisting of varying the diameter and depth of the caisson are presented here. In order to model the caisson foundations, the same approach was used as for the monopile, namely, the stiffness matrix of the soil-foundation system was computed at the mudline, and was represented through the improved AF method.
The same soil profile as in the previous sections was used. The rigorous elasto-dynamic program G123 49 was used to obtain the stiffness matrix of the soil-caisson system at mudline. G123 is an elasto-dynamic code for computation of the dynamic impedances of rigid circular foundations in layered soil. It is based on the solution of the wave propagation equations using the mode shapes of a stratum and perfectly absorbing boundaries. The required inputs to G123 are the radius of the caisson, shear modulus G, Poisson's ratio , and damping of both the soil layers and the foundation. G123 assumes the foundation to be a solid shallow footing, implying that the input properties have to be set to include the soil confined by the bucket skirts. Ideally, an FE model of the caisson should be made to obtain the representative properties. However, previous analyses of caisson foundations show that, due to the internal stiffeners and incompressible soil in the compartments, they are indeed very stiff.
With that in mind, the shear modulus G of the caisson was set as 1000 times larger than the shear modulus of the soil outside. Because G123 is based on a formulation with fixed boundary at the bottom of the soil domain, the base of the soil model in Figure 3 was fixed at a large depth.
It was assumed that the caisson foundation is rigidly connected to the substructure of the NREL 5MW at the mudline. That is, possible stiffeners between the caisson and the monopile were not considered. The rest of the OWT above the foundation was kept the same as the original model.
The first prototype of a caisson foundation was installed in 2002 in Fredrikshavn, supporting a 3 MW Vestas V90 turbine in 4-m water depth.
To further demonstrate that the caisson foundation could be successfully installed offshore, prototypes supporting meteorological masts have been installed at the Horns Rev 2 offshore project (2009) and the Dogger Bank project (2013). The Fredrikshavn and Horns Rev 2 caisson have a diameter of 12 m and a skirt length of 6 m. As a starting point, this size was used as the reference model. In addition, two caissons with dimensions 12 m × 6 m and 15 m × 7.5 m were also modelled. The caisson models were run in G123, and the calculated stiffness coefficients are listed in Table 5 . Table 5 shows that the caisson foundation with diameter D c = 10 m and depth L c = 5 m have a rocking stiffness approximately equal to the standard monopile. The improved AF model parameters were calculated using Equations (5), (6) , and (7), as before.
A total of 630-second FAST analyses were run for the different models with the same load case as in Section 2.3. Like the monopile, the caisson will experience large moment and horizontal loads, particularly at the mudline. Figure 10 shows time histories of the mudline fore-aft bending moments for models of the NREL 5MW supported by monocaissons with different dimensions. The results for both the monopile and the fixed-base model are included for comparison. The fact that the maximum moments in these cases are fairly similar indicates that the tower response is not largely affected by the dynamic effects due to SSI.
As was discussed in Section 3, the sensitivity analyses made in this paper do not consider all aspects of design, like capacity and buckling, which can be important issues in thin-walled structures. 50 Nevertheless, the results are meant to compare the dynamic response and, in the next section, the relative fatigue life of the different foundation models are studies.
The mean and maximum values for the mudline moments, mudline shear force, and tower top displacement in FAST simulations of models with different caisson dimensions, along with the regular monopile and the fixed base model, are listed in Table 6 .
The results for the tower top displacement show that reductions in caisson dimensions yield larger displacements, as expected. Figure 11 plots the PSDs of the three caisson models. The PSDs show the expected reductions in natural frequencies for reduced caisson dimensions, especially for the higher modes. 
FATIGUE ANALYSES
In the preceding sections, the only parameters for comparison of the different foundation models have been the output time series. To gain more insight into how these results affect the lifetime of the OWT, fatigue analyses of the different foundation models are carried out in this section using the MATLAB-based tool MLife. 51 
Fatigue in OWTs
Fatigue is the process of gradual damage in materials when they are subjected to cyclic loading. 52 Even though the stresses acting on OWT support structures are far below the yield stress limit of the material, fatigue occurs when small stresses are applied a sufficient number of times.
The Palmgren-Miner rule predicts fatigue damage under the assumptions of linear cumulative damage and is given as
where D is the fatigue damage in the structural component considered, n i is the number of stress cycles at stress level i, and N i is the number of cycles to failure at stress level i. Failure occurs when D ≥ 1.
Wind turbines are often designed for a lifetime of 20 years. Compared with other structures, the contribution of the turbine's self-weight to the stresses is small, while the contribution from bending moment caused by wind and waves is large. The wind turbine structure is subjected to load cycles of the order of 500 million during its lifetime 53 and must be able to withstand these loads without failure. Hence, fatigue is an unavoidable topic when simulating the loads acting on wind turbines.
Load conditions and FAST simulations
In IEC 61400-3, 54 a large number of design load cases (DLCs) are specified to be considered when performing fatigue and ultimate load analyzes.
The DLCs cover the most significant conditions an OWT may experience, including normal operating conditions, extreme conditions, start-up and shutdown events, fault situations, and parked or idling states. To get a realistic presentation of a typical offshore wind site, the wind and wave conditions from the reference Project UpWind 55 are used in this paper. This is an offshore wind site located in the Dutch North Sea, called K13, which is a typical shallow site suitable for monopile foundations. Climate data have been measured on this site for 22 years and are described with scatter diagrams including mean wind speed at hub height, significant wave height, and peak spectral period. These values were used in the Table 7 .
In this table, U is the mean wind speed at hub height, and f(%) is the frequency of occurrence of the load case. The wind speed of the 17th load case is set to the mean value, U = 38 m/s. Table 7 , where the mean wind is between cut-in (3 m/s) and cut-out (25 m/s) speed, represents DLC 1.2 Power production from IEC 61400-3, 54 while LC1, with wind below cut-in speed, and LC13-LC17, with wind above cut-out speed, applies to DLC 6.4 Parked (standing still or idling). It is assumed that the turbine is operating at all times during the design lifetime when the wind speed is between cut-in and cut-out speeds, so LC1 and LC13-LC17 are the only cases where the rotor is idling. The DLCs representing start-up, shut down, and other fault events are not included. This decision was made based on two reasons. Firstly, generating and simulating all the DLCs recommended in IEC 61400- 3, 54 including all the possible fault events for every wind speed for every foundation model would be very time consuming. Such detailed analyses are required for real design which is not the objective of this study. Secondly, the main aim of this paper is to compare foundation models; therefore, exciting the different models with the range of environmental loads presented above will give sufficient results for that purpose. The same reasoning lies behind choosing to simulate one wind and wave seed per load case instead of six, as recommended in IEC 61400-3.
LC2-LC12 from
Wind fields for the 17 load cases were generated by TurbSim using the Kaimal spectral model and the power law wind profile, as in the previous sections. The hydrodynamic loads were generated by HydroDyn using a JONSWAP spectrum. When the wind speed is higher than the rated wind speed of 11.4 m/s, the initial blade pitch angles and rotor speed increase with wind speed due to the turbine's blade-pitch controller.
These were changed in the ElastoDyn file for each load case.
For the nonoperating cases, when the rotor is idling or parked, that is LC1 and LC13-LC17, the rotor speed was set to 0, the generator was turned off, and the blade pitch angles were set to 90 • to make them pitched out of the wind. [56] [57] [58] For every foundation model considered, 10-minute simulations of each load case were run in FAST. Figure 12 shows a short time window of the mudline moment time series for a selection of the load cases for the monopile modelled with the improved AF method. As stated by Jonkman, 59 the highest loads are expected to occur at the rated (11.4 m/s) and the cut-out wind speeds. Figure 12 shows that the highest moments occur in LC6, which has a wind speed of 12 m/s, close to the rated speed. However, the largest moment ranges occur at the highest environmental loads plotted, ie, LC15 and LC17. In addition to these cases containing the strongest winds and highest waves, the rotor is idling, which means that the aerodynamic damping is highly reduced, leading to high load amplitudes at the mudline. It is clear that LC1, LC15, and LC17 represent an idling rotor, while the operational natural frequencies are present in LC3, LC6, LC9, and LC12, causing high frequency moment oscillations. 
MLife analyses
All the fatigue analyses were based on mudline fore-aft bending moment time series from the FAST analyses of the 17 load cases in Table 7 for each foundation model. The MLife user must specify the scale and shape factors of the Weibull distribution of the wind, which are site dependant, as well as cut-in, cut-out and maximum wind speed to include in the analysis. In addition, a number of other parameters need to be specified in the MLife input file, including the design lifetime, the DEL frequency, the Wöhler exponent m to be used in the S-N curve, the load range binning values, the fixed-mean load, and the ultimate design load L ult . 51 The ultimate load is the highest load that the cross section of the studied component can withstand before failure. Ideally, the ultimate load would be based on an FE analysis of the component, or on data specified for the NREL 5MW. However, as no FE model or data are available, the ultimate tensile strength ult of the studied cross section was used as a reference for failure. The ultimate strength of the steel used for the NREL 5MW substructure was assumed to be 440 MPa, 60 and the corresponding value of the ultimate load was calculated to be 7.46 × 10 8 Nm. Based on Det Norske Veritas, 47 m = 5 was chosen to be the suitable choice for this analysis. Moreover, the load bin width was set to 100 Nm, and the fixed-mean load was set to AM, telling MLife to compute the fixed mean using the aggregate mean across all input files. It was assumed that the turbine is operating at all times during the design lifetime when the wind speed is between cut-in and cut-out speeds. The Weibull scale and shape factors for the MLife fatigue analyses were run for the following foundation models:
• The NREL 5MW fixed base reference model In all these models, the substructure has the same cross-sectional properties at the mudline and hence the same ultimate load, except for the models with reduced wall thickness. L ult is proportional to the bending rigidity of the pile. Hence, L ult for the models with t w = 0.05 m and t w = 0.04 m is reduced by 16% and 33%, respectively. It is important to calculate the ultimate load based on cross sectional dimensions, because this is the only input parameter reflecting the properties of the cross section considered.
An overview of the steps of the method for fatigue analyses is illustrated in Figure 13 , which covers all the involved elements from load generation in TurbSim and HydroDyn to calculating lifetime damage and DELs in MLife. The results of the analyses are presented and compared in the following section. Table 8 lists the results of the MLife analyses for the different foundation models. The DELs are reported as range values, or peak-to-peak values, with fixed mean values calculated by MLife, fluctuating with a frequency of 1 Hz. The oscillation frequency of the DELs is prescribed by the MLife user and highly affects the load values. Moving on to the monopiles with reduced wall thickness, Table 8 shows how important a reduction in wall thickness is for the fatigue life; this is believed to be due to the higher bending stresses. The fatigue life of the model with t w = 0.05 m is reduced to 8.47 years, a reduction of 62%, and the model with t w = 0.04 m has a short fatigue life of 2.42 years, a reduction of 89% Hence, even with the limited analyses on fatigue, it can be concluded that an OWT with a monopile wall thickness of 0.05 or 0.04 m will not live through its expected lifetime of 20 years.
Results
The model with a 10 m × 5 m caisson foundation gives similar MLife results as the monopile, while the 12 m × 6 m caisson has an accumulated fatigue life between the fixed base and the regular monopile, which is expected based on the mudline moment plots in Figure 10 and the maximum moment values from Table 6 . The largest caisson gives MLife results very close to the fixed base model, implying that OWTs with caissons of that size can be treated as rigidly connected to the base.
The short-term DELs for each input time series are shown in Figure 14 for the analyzed foundation models. Figure 14 shows that the highest DELs, and also the largest deviation between the models, occur for LC13-LC17, as expected, due to the high moment amplitudes of these cases. The high DELs for LC1 may seem counter intuitive, as the wind and wave loads are low for this case.
However, as was shown in Figure 12 , when the rotor is idling and the aerodynamic damping is reduced, the tower is free to oscillate at its first natural frequency, which gives high moment amplitudes despite small maximum values. The largest DELs occur for the model with the smallest wall thickness. Figure 15 displays the relative DELs, weighted with the load cases' probability of occurrence from Table 7 . The load case with the highest DEL and hence the load case contributing the most to the lifetime damage is LC6, due to the combination of the wind speed being close to the turbine's rated wind speed and the high probability of occurrence. The high probability of occurrence of LC1 leads to a large contribution from this case as well, particularly for the monopile with t w = 0.04 m. Note that the DELs are loads and not stresses, implying that similar DELs give significantly larger fatigue damage for the models with reduced wall thickness.
From these results, it can be concluded that in general, mean winds below cut-in speed and around rated wind speed contribute the most to fatigue damage of an OWT. The difference in DELs between different foundation models are moderate for an operating turbine, but large for mean winds below cut-in and above cut-out speeds when the turbine is idling and damping is low. This points to the importance of consideration of soil damping for more economical design. 23 
CONCLUSIONS
Based on the analyses carried out in this paper, the following conclusions can be drawn:
• Neglecting the effect of the foundation in the OWT model, like the fixed base default model in FAST, gives inaccurate and underestimated results for the structural dynamic response and fatigue damage. A significant reduction in fatigue life of 22% was observed for the flexible foundation model compared with the fixed base model.
• The method chosen for modelling the OWT foundation is important to obtain a correct representation of the structural dynamic response. The effect of the off-diagonal terms in the soil-foundation stiffness matrix at the mudline plays an important role when modelling the foundation flexibility. Disregarding the off-diagonal terms in the simplified apparent fixity model in Section 2.1 gave a foundation model that was too soft and lead to over-predictions of the loads and displacements in the substructure. Including the whole stiffness matrix, implemented in the improved AF model in Section 2.2, leads to a stiffer foundation model and gave a significant difference in structural response compared with the simplified method.
• Reductions of the monopile length for the cases considered have almost no effect on the FAST results, due to minimal changes in soil-pile stiffness coefficients from the soil-profile considered. A reduction from 36 to 26 m leads to no noticeable difference, and the length had to be reduced to 16 m for a small differences to appear.
• A small reduction of the monopile wall thickness leads to a moderate increase in bending moments, but a large increase in fatigue damage, and hence a large reduction in fatigue life. Designing the NREL 5MW with a wall thickness smaller than 0.06 m will probably lead to premature failure, either by fatigue or possibly by buckling.
• A caisson foundation with a diameter of 10 m and a depth of 5 m gives similar dynamic response and fatigue life as the regular monopile with length 36 m and diameter 6 m with the assumptions made and modelling methods used in this paper.
• Capacity analyses of the soil-foundation system would have to be carried out in addition to the analyses presented in this paper in order to conclude on possibilities of dimension reduction. Buckling is especially of concern for the monopile models with reduced wall thickness and for the caisson models.
• The fatigue damage calculations in MLife are highly dependent on input parameters, especially the Wöhler exponent and the ultimate load. For the NREL 5MW, there are no recommended values to use for the ultimate load when an FE model is not available, and research on the topic provides a wide range of alternatives. This has to be taken into consideration when evaluating the values of the resulting fatigue damage and when comparing the results to previous research. Without knowing the exact values for the input parameters, in addition to only simulating one wind and wave seed for each load case, the MLife fatigue analysis will produce results suitable for comparison, as demonstrated in this paper, but may not give exact values of the fatigue life for the component considered. 53
• It should be noted that the analyses and results presented in this paper are for a certain set of soil, foundation, and structural parameters.
Therefore, some of the conclusions may not be generalized to all OWT configurations and sizes.
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